Abstract: Concentrations of major nutrients (C, N, P) and acid soluble metals (Ca, Mg, K, Al, Fe, Mn, Pb, and Zn) were determined in modern (0-1 cm) and pre-acidification (5-10 cm) sediment layers collected from 37 alpine and 3 forest lakes in the Tatra Mountains (Slovakia, Poland) in 1996-1998. Sediment composition reflected catchment characteristics and productivity of lakes. In the sediments of alpine lakes, C and N concentrations decreased and Mg increased with a decreasing proportion of vegetation and soil in the catchment. Decreasing Ca:Mg ratios in sediments along the vegetation gradient was inverse to that in water, and could be associated with different ratios of cations in water leachate from catchments and in solids which enter the lake due to soil erosion. Phosphorus concentrations increased with the proportion of moraine areas, with till soils rich in P. Concentrations of C, N, P, and Ca in sediments positively correlated to their concentrations in water. Sediment concentrations of Al and Al:Ca ratios increased with decreasing sediment and water pH. A negative correlation between water pH and concentrations of organic C in water and sediments indicated the important impact of organic acids on the acid status of the lakes exposed to higher terrestrial export of organic matter. Compared to the pre-acidification period, the modern sediments had significantly higher Fe, Mn, Zn, Pb, and K, but lower Mg concentrations. The Zn and Pb enrichment was more evident in oligotrophic alpine lakes than in more productive forest lakes and was independent of lake water or sediment pH. Fe and Mn concentrations in the modern sediments were higher than in ambient soils and bedrock, while those in pre-acidification sediments were similar to contemporary soils and to the rock layer. The enrichment of the modern sediments with Fe and Mn thus probably resulted from both their redox recycling and ecosystem acidification.
Introduction
Lake sediments provide a useful means of monitoring and tracking environmental pollutants and the interpretation of the history of lakes and their catchments (e.g., Engström & Wright, 1984; Boyle, 2001) . But, composition of lake sediments is determined by several allochthonous and autochthonous sources and internal processes (e.g., diagenesis, diffusion) and a chemical signal in the sediments may often have various interpretations (Boyle, 2001) . Catchment-lake interactions are more easily studied in small ecosystems where specific influences are more apparent and such studies provide a useful insight into the complexity of environmental chemistry in catchment-lake ecosystems (e.g., Müller et al., 1998) .
Despite relatively complex information gathered on chemical composition of lakes in the Tatra Mountains (Mts) (e.g., Kopáček et al., 2000 Kopáček et al., , 2002 Kopáček et al., , 2006b Stuchlík et al., 2006) and its historical development (Kopáček et al., 2001b (Kopáček et al., , 2004a , relatively little attention has been paid to the sediment composition of these lakes. Pasternak (1965) sampled sediments from three lakes in the Polish part of the High Tatra Mts and analysed their C, N, and P concentrations. Wathne et al. (1997) , Stuchlík et al. (2002) , and Šporka et al. (2002) have published results on total concentrations of major metals and selected palaeolimnological records on sediments from four lakes in the lake district (D lugi Staw Gasienicowy, Zielony Staw Gasienicowy, Starolesnianske pleso, and Nižné Terianske pleso). Additional dated cores of sediments from other five lakes (Ľadové pleso, Veľké Hincovo pleso, Vyšné Temnosmrečinské pleso, Vyšné Wahlenbergovo pleso, and Zmarzly Staw Gasienicowy) were collected in 2001 (Appleby & Piliposian, 2006 J. Kopáček et al. showed that the modern sediments (0-1 cm layer) of the Tatra lakes are affected by atmospheric transport of pollutants, while sediment layers below a 5 cm depth represent the pre-acidification period. The average age of the 5 cm depth was 85 years (Appleby & Piliposian, 2006) . The Tatra lakes have been seriously affected by atmospheric acidification since the second half of the 20 th century, when pronounced changes occurred in their chemistry (e.g., Kopáček et al., 2001b Kopáček et al., , 2004a and biology (Fott et al., 1994) .
As a part of the integrated research on European mountainous catchment-lake ecosystems within EU project MOLAR (Mountain Lake Research), we sampled and analysed modern (0-1 cm) and preacidification (5-10 cm) sediments from forty selected alpine and forest lakes in the Tatra Mts with the following aims: To determine how their chemistry (i) reflects differences in catchment characteristics, (ii) correlates with lake water composition, and (iii) changed under elevated atmospheric pollution in the second half of the 20 th century. No similar regional survey of lake sediments in the Tatra Mts, focussed on differences in altitude, catchment vegetation, and lake acidity, had been performed before this study.
Material and methods

Description of study sites
The Tatra Mts are situated along the Slovak-Polish border (20
• 10 E, 49
• 10 N) and consist of three mountain ranges. (1) The West Tatra Mts are predominantly formed of granodiorite granite but contain a significant amount of metamorphics (gneiss and mica schist; NEMČOK et al., 1993 ). There are 22 major lakes and 18 small lakes (seasonal or < 0.01 ha). (2) The central part (the High Tatra Mts) is geographically divided into the south-oriented Slovak part and the north-oriented Polish part. The central massif is almost exclusively formed of granodiorite (biotite granodiorites to tonalites; NEMČOK et al., 1993; GOREK & KAHAN, 1973) and there are 116 major lakes and 105 small lakes (seasonal or < 0.01 ha). (3) The eastern lakeless part, formed of limestone and dolomite, was not a subject of this study.
The Tatra lakes are of glacial origin and are situated at altitudes between 1089 and 2157 m above sea level (a.s.l.). Most of the lakes (∼70%) are above 1800 m a.s.l. Surface areas and maximum depths of the lakes are < 35 ha and < 79 m, respectively. Grazing, logging, or any other kinds of land uses have been prohibited in the lake district since the 1950s when the Tatra Mts became a national park. Tourism does not significantly influence lake chemistry because swimming and fishing are prohibited, and tourist paths are not usually situated in close vicinity of the lakes.
Forest soils above 1100 m a.s.l. are predominantly chocolate-brown mountain forest soils and humus-ferric podsols of < 1 m depth, with the respective values of pH (H2O extracted) and base saturation within ranges of 3.0-4.0 and 6-15% in organic horizons, and 3.8-5.0 and 2-10% in mineral horizons (PELÍŠEK, 1973a, b) .
Alpine soils in the meadow areas of the West and High Tatra Mts are undeveloped, with negligible carbonate content. Soil depth and amount of dry weight < 2 mm soil frac- and is dominated by exchangeable Al 3+ (70% on average). The averages of soil base saturation and C:N molar ratios are 12% and 17, respectively (KOPÁČEK et al., 2006a) .
The till soils in moraine areas form thin (< 3 cm deep) layers covered by a 20-60 cm thick layer of surface stones, or lenses between stones. Pools of the till soils vary between 4-33 kg m −2 , with an average of 13 kg m −2 (< 2 mm; dried weight), and their chemical composition is similar to mineral layers of alpine soils (KOPÁČEK et al., 2006a) .
The dominant vegetation is coniferous forest (mostly Picea abies, partly Larix decidua and Pinus cembra) below 1550 m a.s.l. Vegetation of the alpine zone of the Tatra Mts is dominated by alpine meadows (dry tundra with mostly Festuca picturata, Luzula alpino-pilosa, Calamagrostis villosa, and Juncus trifidus), with patches of dwarf pine (Pinus mugo), and an increasing percentage of rocks (bare or covered with lichens -commonly Rhizocarpon, Acarospora oxytona, and Dermatocarpon luridum) above the upper tree line of 1800 m a.s.l. (VOLOŠČUK, 1994) .
Sampling and analyses
For the purpose of this study we selected 37 alpine lakes (> 0.1 ha) along the West and High Tatra Mts on the basis of previous studies (e.g., KOPÁČEK et al., 2000) , so that the selected lakes were representative for the alpine zone regionally (geographic position; altitude), hydrologically (drainage; seepage), and morphologically (dominant land cover in the catchment) (Appendix 1). The original number of selected lakes was higher, but some of them had bottoms covered with rocks and no places with sediment were found (e.g., Anitino Očko and Zmrzlé pleso). The sampled lakes represented 44% of the whole population (84) of alpine lakes > 0.1 ha in the lake-district. Twenty-seven lakes were situated in meadow-rocky catchments (> 30% of the area covered with alpine meadows), and meadows dominated (50-60%) in 10 of them. Ten lakes had rocky catchments (> 70% of the area covered with rocks or moraine). In addition to the alpine lakes, we sampled 3 lakes situated in the forested catchments (forest lakes) to represent this lake category in the lake district (Appendix 1).
Of the total of 40 sampled lakes, 33 were fishless and only two (BY-1, RA-1) and five (GA-2, GA-7, ME-1, MO-2, and PS-3) were populated with bullhead and trout, respectively (for codes see Appendix 1). The selected lakes were situated at elevations between 1089 and 2145 m a.s.l., and their maximum areas and depths varied from 0.1-34.9 ha and 1.5-79 m, respectively (Appendix 1). None of the selected lakes was affected by wastewater input from tourist cottages. Sediment cores longer than 10 cm (maximum 49 cm) were taken from all lakes but one (MO-6, only 8 cm long core). Two 5-10 cm samples (ST-1 and GA-7) were lost during lyophilisation. The total number of samples from 0-1 cm and 5-10 cm sediment layers used in the following evaluation was 40 and 37, respectively. Sediment samples were mostly collected at the deepest points of the lakes with a gravity corer during four sampling Sediment composition in the Tatra Mountain lakes S67 periods (September 1996 , 1997 , 1998 , and March 1997 . Sediment samples were immediately taken from the 0-1 cm and 5-10 cm layers and stored wet in the dark at 4
• C until analysed (< 3 weeks). Wet samples were homogenised by passing through a 0.2 mm nylon sieve. Sediment pH was measured directly in the wet sample. Dry matter was determined at 105
• C and loss on ignition (LOI) at 550
• C (2 h). Sediment portions for determination of organic C, total P, organic N, and metal concentrations were lyophilised. Organic C concentration was analysed on the LiquiTOC analyser (Foss/Heraeus), P, Fe, and Al colorimetrically after nitric-perchloric acid digestion (KOPÁČEK et al., 2001a) , and organic N by Kjeldahl combustion and distillation according to PROCHÁZKOVÁ (1960) . Acid soluble concentrations of Ca, Mg, Fe, Mn, Pb, and Zn were determined by flame atomic absorption spectrometry (FAAS) from acid extracts: 1 g of lyophilised sample was boiled in 10 mL of HCl:HNO3 :H2O mixture (9:1:10 on volumetric basis) for 10 min. Concentrations of P in water and sediment and concentrations of Fe and Al, which determine P sorption characteristics of sediment, were determined colometrically under comparable conditions (KOPÁČEK et al., 2001a) . Linear regression between Fe concentrations determined by FAAS (Y ) and colorimetrically (X) was tight (Y = 0.94X − 25, R 2 = 0.98, concentration range 57-1557 mmol kg −1 ). Data on total concentrations of metals in the sediments of the Tatra lakes came from WATHNE et al. (1997) and represent averages for lakes .
Samples of lake water were taken from a 0.5 m depth in September and 1 m below the ice in March. In the laboratory, samples were filtered through membrane filters (A45/25; pore size of 0.45 µm; Macherey Nagel) for determination of ions. The samples for pH, acid neutralising capacity (ANC), total organic carbon (TOC), total organic nitrogen (TON), and total phosphorus (TP) were not filtered. TOC was analysed with a LiquiTOC analyser (Foss/Heraeus) and ANC by Gran titration. The TP concentrations were determined by perchloric acid digestion according to KOPÁČEK & HEJZLAR (1993) , but samples were 4-6-fold concentrated by evaporation to obtain a detection limit of ∼0.02 µmol L −1 . TON was determined by Kjeldahl digestion and distillation (PROCHÁZKOVÁ, 1960) and NH + 4 by the rubazoic acid method as modified by KOPÁČEK & PROCHÁZKOVÁ (1993) . Samples for ion determination (Ca 2+ , Mg 2+ , Na
, and Cl − ) were analysed by ion chromatography (Thermo Separation Products) within a month. Other analyses were finished within one week after the sampling.
Results and discussion
Water composition Ionic concentrations were low in the 40 sampled lakes, with the total sum of ions ranging from 100 to 850 µeq L −1 (one eq is one mol of charge), conductivity at 25
• C between 11 and 46 µS cm −1 , and pH values from 4.5 to 7.1 (Appendix 2). Six lakes (ME-4, MO-6, MS-3, NE-1, ST-1, ST-7) had a depleted carbonate buffering system (ANC < 0 µmol L −1 ) suggesting extreme sensitivity to acid deposition. Seven lakes had ANC between 0 and 20 µeq L −1 and could be considered as acid sensitive, while the other 27 lakes had ANC > 20 µeq L −1 and were relatively resistant to acid deposition. Concentrations of TP, TOC, and N forms in alpine lakes varied within one to two orders of magnitude (Appendix 2) but were within the ranges typical for oligotrophic lakes (Wetzel, 2001 ). In contrast, nutrient concentrations (TP, TON, and TOC) were high in all forest lakes (ST-1, ST-7, SW-2; Appendix 2).
Concentrations of NO
were lowest in forest lakes and increased with decreasing vegetation and soil cover in the catchment, being highest in the lakes situated in rocky catchments. Concentra-
, and TOC (7-1150 µmol L −1 ) exhibited opposite patterns to NO − 3 and were highest in forest lakes and lowest in rocky lakes (see latter).
Concentrations of lake water constituents obtained during this study were within the 1995-2000 concentration ranges (Kopáček et al., 2002 and unpubl. data) and can be considered representative for the late 1990s.
Sediment composition
Sediment samples were dark brown to black or dark grey with mostly no apparent lamination and their colour was usually lighter in deeper parts of the cores. Sediments of all forest lakes contained rough organic particles (e.g., needles). Coarse sand grains were found in some layers of alpine lake sediments (e.g., BV-22, BV-7, BY-1, PS-1, RO-1, and ZL-5), indicating periods of high erosion events in their catchments. The surface of sediment was covered with bryophytes in NE-1 and RO-1, and chironomids were present in surface layers of ∼30% of the sediments sampled. Details on biological analysis of sediments in the Tatra lakes are given elsewhere (Kubovčík & Bitušík, 2006; Sacherová et al., 2006; Štefková, 2006) .
The water content of surface sediment layers was higher (98-99%) in forest than in alpine (61-99%) lakes and was generally higher than in 5-10 cm layers (58-96%). Similarly, LOI was highest (56-81%) in the surface sediments of forest lakes, while ranging from 5% to 38% (22% on average) and from 6% to 42% (19% on average) in the 0-1 cm and 5-10 cm sediment layers in the alpine lakes, respectively (Appendix 3). Concentration of LOI was negatively correlated (P < 0.001 for all lakes and P < 0.05 for alpine lakes) with maximum elevation in catchments, suggesting that the mineral content of lake sediments was associated with higher instability and erosion in the catchments situated at higher altitudes. Such a pattern is consistent with conclusions by Mackereth (1966) and Engström & Wright (1984) , linking high concentrations of mineral phases in lake sediments to high erosion rates in the catchments.
Sediments in forest lakes had 2 to 4 times higher concentrations of C, N, P, and Ca, comparable concentrations of K, and 2 to 5 times lower concentrations of acid soluble Mg, Al, Fe, and Mn than sediments in alpine lakes (Tab. 1). Compared to alpine and till soils, lake sediments had generally higher concentrations of Explanations: n -number of observations; nd -not determined. 1) Data on bedrock composition come from GOREK & KAHAN (1973) .
2) Data on soil composition come from KOPÁČEK et al. (2006a) .
3) This study; concentrations of metals are acid soluble (see "Sampling and analyses") not total contents. 4) Data on total concentrations of metals in lake sediments (average for GA-4, GA-7, NE-3, and VS-15) come from WATHNE et al. (1997) . For lake codes see Appendix 1. 5) Average concentrations of Mn are calculated after excluding lakes PS-2 and PS-3.
nutrients, especially P (Tab. 1). Modern sediments of alpine lakes had higher Fe and Mn concentrations than soils or bedrock in the region but their concentrations in the 5-10 cm layers were similar to these matrixes. Total concentrations of bivalent base cations (Ca and Mg) in the sediments were within their ranges in the soils, but those of monovalent cations (Na and K) were lower (Tab. 1). Acid extraction used in this study liberated most of Fe and Mn, about half of Al, Ca and Mg, but one order of magnitude lower amounts of K compared to their total concentrations (Tab. 1). Total concentrations of metals in sediments are significantly affected by terrestrial export of aluminosilicates transported to the lakes by erosion events (Engström & Wright, 1984) . Concentrations of acid soluble metals do not include metals bound in particularly resistant minerals (e.g., aluminosilicates) which are, therefore, unavailable to the lake ecosystem. From here on in the text, we use changes in acid extractable metal concentrations as a measure of their non-residual fraction, which more sensitively reflects changes associated with atmospheric transport of acidity and trace pollutants to the catchments (Boyle, 2001) .
Impact of catchment characteristics on sediment and water composition Concentrations of TOC, TON, and TP in water were highest in forest lakes and then decreased with decreasing proportion of vegetation cover in the catchment, being lowest in rocky lakes (Figs 1A-C). Such a distribution of nutrient concentrations in lake waters along a gradient of vegetation (and soil) cover in their catchments was consistent with previous studies in the Tatra Mts (Kopáček et al., 2000) , as well as with similar patterns in other lake districts like Pyrenees (L. Camarero, personal communication).
Concentrations of C and N in the sediments exhibited a similar response to catchment characteristics as lake water ( Figs 1A, B) . Concentrations of P in sediments were also highest in forest lakes. In the alpine zone, however, the sediment P concentrations did not decrease with decreasing vegetation cover of catchments (Fig. 1C ) but increased (P < 0.01) with the proportion of moraine areas. Till soils in moraine areas have higher concentrations of total P and extractable P forms than organic and mineral horizons of alpine meadow soils (Kopáček et al., 2004b) and perhaps are an important P source for alpine lakes. The different relationships between catchment characteristic and sediment C and P concentrations resulted in a steep decline in C:P ratios in the sediments from the forest to rocky lakes (Fig. 1D) . Similar relationship was observed also for N:P ratios (not shown). Because the pools of soil, organic C, and N in the Tatra catchments are primarily related to the proportion of meadow or forest areas (Kopáček et al., 2004b) , the decreasing C:P and N:P ratios in sediments are proportional to decreasing pools of organic matter in the catchments.
The C:N ratios of modern sediment in the Tatra lakes were higher (10-20) than those in great lakes around the world (6-14; Meyers & Teranes, 2001) and were more similar to C:N ratios in the catchment soils (14-20 and 8-25 in organic and mineral horizons, respectively; Kopáček et al., 2006a) . Sediments of forest lakes had the lowest C:N ratios (11-13), close to the C:N ratio of seston in temperate lakes with P limited growth of plankton (12.8; Hecky et al., 1993) . A similar average C:N ratio (13) was observed for 96 lakes in Florida (Brenner & Binford, 1988) . In the Tatra Mts, the range of the sediment C:N ratios (as well as the proportion of lakes with sediment C:N ratios > 12.8) increased in the alpine lakes having bare rock in the catchment (Fig. 2) . The alpine lakes are less productive than forest lakes (see TP, TOC and TON concentrations in lake water; Appendix 2) and organic matter of their sediments is thus more affected by inputs of terrestrial plants and soils, with higher C:N ratios than aquatic phytoplankton and macrophytes (Meyers & Teranes, 2001; Talbot, 2001) . Such an impact of differing proportions of allochthonous and autochthonous organic matter inputs on the sediment C:N ratios is well known (e.g., Mackereth, 1966) . In addition we hypothesise that high C:N ratios in sediments of alpine lakes are associated with their higher content of soil material rather than with soil quality in their catchments, because soil C:N ratios exhibit an inverse pattern, decreasing with altitude in the alpine zone of the Tatra Mts (Kopáček et al., 2006a) . Due to the highest concentrations of C, N, and P in both water and sediment of forest lakes (Fig. 1) , correlations between their concentrations in water and sediment were significant for all nutrients (Tab. 2). When considering alpine lakes only, the relationship between Key: * P < 0.05; ** P < 0.01; *** P < 0.001. Number of observations: 40 for all and 37 for Alpine lakes.
nutrient concentrations in waters and sediments was significant for C but not for N and P (Tab. 2). Sediment Mg concentrations were positively correlated (P < 0.001) to the elevations (both minimum and maximum) of the catchments. A similar positive correlation (P < 0.01) was observed between Mg concentration in the A horizons of the alpine Tatra soils and their elevation (Kopáček et al., 2006a) . Concentrations of Ca in lake water and sediment were positively and those of Mg negatively correlated (Tab. 2). The reason behind these inverse relationships for Ca and Mg was the different relationship between the proportion of meadow (or forest) soils in the catchments and the concentration of these cations in the sediments. Sediment Mg concentrations were inversely correlated (P < 0.001) to the proportion of catchment vegetation (Fig. 1E) . In contrast, sediment concentrations of Ca were high in forest lakes and widely distributed in the alpine lakes (Fig. 1F) . Water concentrations of both Mg and Ca were low in forest and rocky lakes and highest in meadow lakes. As a result of the different distribution of Ca and Mg in waters and sediments, the Ca:Mg ratios in water increased (P < 0.001), while Ca:Mg ratios in sediments decreased (P < 0.001) from forest to meadow to rocky lakes. The different pattern of Ca:Mg ratios in water and sediments is not clear and deserves further study. One explanation could be associated with different ratios of base cations in the water leaching the catchment soils and in the solid phase that enters the lake due to soil erosion.
Impact of water acidity on sediment composition
Calcium is the dominant cation determining the acid status (pH and ANC) of the Tatra lakes (Fig. 3A) . Correlations between water and sediment pH and Ca concentrations (Tab. 2) suggest that terrestrial export of Ca determines also the composition of lake sediments (Fig. 3B ) and the ability of lakes to withstand acidification. Neither the soil composition (nor pools) nor weathering of the dominant siliceous rocks, however, can explain variability in the lake water Ca concentrations in the Tatra Mts (Kopáček et al., 2004a, b) . The factor controlling Ca concentrations in the lakes (and their ANC and pH) is probably associated with the presence of easily weatherable minerals (due to either their chemistry or higher surface area in the case of more broken rocks) in some catchments despite their dominant granodioritic composition. A similar observation was made by Kamenik et al. (2001) in the Alps. This means that water and sediment pH and Ca concentrations, as well as other pH dependent variables (e.g., Al; Tab. 2) are distributed "randomly" in the Tatra Mts, following this unexplained external source of alkalinity.
Negative correlations between water pH and concentrations of C in the lakes (P < 0.01) and sediments (P < 0.001) highlight the importance of terrestrial input of organic matter on the acid status of lakes situated in catchments with high soil pools (even in the alpine zone; e.g., VS-15). Similar negative correlations between water pH and sediment characteristics were found also for N and C:N ratios (Tab. 2). In contrast, C:P ratios of alpine lakes did not depend on water pH (Tab. 2). Explanations: P-value represents the significance of the single-tailed t-test on paired samples (number of pairs -37) between concentrations of variables in the 0-1 and 5-10 cm layers. DM -dry matter; LOI -loss on ignition; ns -not significant.
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Differences between modern and pre-acidification sediment composition Concentration ranges of sediment constituents varied within one to two orders of magnitude between the lakes studied (Tab. 3) but chemical compositions of the 0-1 and 5-10 cm layers were tightly correlated (P < 0.001) for all parameters, with the exception of Pb and C:N ratio (P > 0.05). This means that variability in chemical composition of sediments from individual lakes was generally higher than the differences between the modern and older sediment layers. Nevertheless, the chemical composition of modern sediments significantly differed from the older ones for most constituents as indicated by results of the paired t-test (Tab. 3). The older sediments had, expectedly, a higher content of dry matter and lower concentrations of and C and N as a result of sediment diagenesis. Due probably to preferential early diagenetic loss of N (Talbot, 2001 ), the C:N ratio was higher (P < 0.05) in the older sediments. In contrast to C and N, P concentrations did not exhibit any consistent change between the two sediment layers (Tab. 3).
The highest variability among all variables was observed for Mn concentrations, which ranged between 0.4 and 624 mmol kg −1 (Tab. 3). Mn concentrations were mostly, but not significantly, higher in the modern than older sediments (Appendix 3) and showed great scattering of data. The most pronounced increase in Mn concentrations occurred in lakes PS-2 and PS-3 (from 39 to 624 and from 28 to 221 mmol kg −1 , respectively). It is not probable that such an increase was associated with the ecosystem acidification or redox recycling, but more probably with some event (e.g., rockfall or landslide) in the catchment of lake PS-2. In the PS-2 sediment, there was a ∼0.3 cm thick orange-brown layer between 4 and 5 cm depth and the 1-5 cm layer had 3 times higher concentrations of Fe (Mn was not determined) than the 0-1 or 5-10 cm layers. Because the lakes are part of a chain, sediment of the lower lake (PS-3) has also been enriched with Mn. After excluding these two lakes from the statistics, the paired t-test showed a significant (P < 0.01) increase in Mn concentrations from 5.8 to 10.2 mmol kg −1 (averages for 5-10 and 0-1 cm layers, respectively) in the Tatra lakes. This change in Mn concentrations was consistent with that of Fe and the average molar Fe:Mn ratios in the 5-10 and 0-1 cm layers (0.1 and 0.08, respectively) did not significantly (P > 0.05) change. The increase in Mn and Fe concentrations in modern sediments probably resulted from a combined effect of redox recycling (continuous upward migration of soluble reduced forms from lower anoxic layers and their accumulation in the uppermost oxic layer), and elevated terrestrial export of these metals during acidification. Such a combined effect is common for many lakes (e.g., McKee et al., 1989; Boyle, 2001; Callender, 2004) .
The modern sediments had significantly (P < 0.001) lower pH, and higher Zn and Pb concentrations. The difference between Zn and Pb concentrations in the modern and pre-acidification sediments was independent of water and sediment pH. Because the migration of Zn and Pb in catchments usually follow different patterns (Veselý, 1994) their increases in the Tatra lakes are mostly associated with long-range atmospheric transport rather than with their mobilisation in catchments exposed to acid deposition.
The higher productivity of forest lakes resulted in differences between element concentrations in the modern and older sediments. The differences between C and N concentrations in the 0-1 and 5-10 cm layers were higher in forest than alpine lakes (Appendix 3). In con- trast, concentrations of Zn and Pb increased only little in forest lakes, while significantly (on average by 1.5 and 0.5 mmol kg −1 , respectively) in alpine lakes. Atmospheric input of Zn and Pb into the region was more diluted by organic matter in forest lakes and enhanced by higher erosion rate into alpine lakes.
Surprisingly, no consistent change was observed between acid extractable Ca and Al concentrations in the modern and pre-acidification sediments, while acid extractable Mg decreased and K increased significantly (Tab. 3). Consequently, the ratio (Ca + Mg):K, was 25% lower in the modern sediments (Tab. 3).
Despite the insignificant change in acid extractable Ca and Al concentrations, the Al:Ca ratio was significantly (P < 0.05) higher in the modern sediments (Tab. 3). The changes in Al:Ca ratios between the modern and pre-acidification sediments were positive in most of the alpine lakes (Fig. 4A ) and were higher in acid lakes (Fig. 4B ). The Al:Ca ratios thus seem to more sensitively reflect the acidification-derived changes in chemical composition of modern sediments than changes in individual Ca or Al concentrations. These changes include depletion of Ca from uppermost sediments in acidified lakes due to H + -base cation exchange (Schiff & Anderson, 1986; Psenner, 1988) , and elevated terrestrial export of Al into the acid sensitive lakes that occurred in the region during culminating acidification in the late 1970s and 1980s (Kopáček et al., 2004a) .
Conclusions
The chemical composition of lake sediments in the Tatra Mts is significantly affected by catchment characteristic. Sediments in alpine lakes reflect more closely soil composition than more productive forest lakes. Such an effect of catchment characteristics on composition of lake sediments is in concordance with the general principle given by Mackereth (1966) and Engström & Wright (1984) which predicts that sediment composition reflects predominantly the catchment characteristics in oligotrophic systems, but is significantly modified by in-lake processes in nutrient rich systems. Water and sediment concentrations of C, N, P, and Ca are correlated.
The chemical composition of modern sediments (0-1 cm layer) differ from the deeper (5-10 cm) layers due to sediment diagenesis and elevated input of atmospheric pollutants during the second half of the 20 th century. The modern sediments have higher Al:Ca ratios and concentrations of C, N, and acid extractable Fe, Mn, K, Zn, and Pb. Concentrations of P exhibit no significant difference between the sediment layers. Atmospheric pollution (Pb and Zn concentrations) is more evident in oligotrophic alpine lakes than in more productive forest lakes, where pollutant concentrations are diluted by higher sedimentation rate of organic matter. Explanations: Metal concentrations were determined from acid extracts (see "Sampling and analyses") and do not represent their total contents. For lake names and date of sampling see Appendix 1. DM -dry matter; LOI -loss on ignition; nd -not determined.
